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(57) ABSTRACT

Disclosed is a lithium metal secondary battery including a
positive electrode, a negative electrode, a separator inter-
posed between the positive electrode and the negative elec-
trode, and a protective layer interposed between the negative
electrode and the separator. The protective layer comprises
an additive, and wherein the additive comprises a mixture of
hexagonal boron nitride (BN) flakes and an ionomer com-
prising a sulfur (S)-containing anionic group and fluorine
(F). The sulfur (S)-containing anionic group is at least one
selected from the group consisting of SO~ and SO,".

12 Claims, 1 Drawing Sheet
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LITHIUM METAL SECONDARY BATTERY
HAVING IMPROVED LIFE
CHARACTERISTICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of copending applica-
tion Ser. No. 16/980,701, filed on Sep. 14, 2020, which is the
U.S. National Phase of PCT/KR2019/003957, filed Apr. 3,
2019, and which claims priority under 35 U.S.C. § 119(a) to
Application No. 10-2018-0040566, filed in Korea on Apr. 6,
2018, all of which are hereby expressly incorporated by
reference into the present application.

TECHNICAL FIELD

The present disclosure relates to a lithium metal second-
ary battery. More particularly, the present disclosure relates
to a lithium metal secondary battery which can provide
improved life characteristics by adding a specific additive to
a protective layer or solid electrolyte.

BACKGROUND ART

As electric, electronic, communication and computer
industries have been developed rapidly, high-capacity bat-
teries have been in increasingly in demand. To meet such
demand, a lithium metal secondary battery using lithium
metal or lithium alloy as a negative electrode having high
energy density has been given much attention.

A lithium metal secondary battery refers to a secondary
battery using lithium metal or a lithium alloy as a negative
electrode. Lithium metal has a low density of 0.54 g/cm® and
a significantly low standard reduction potential of -3.045V
(SHE: based on the standard hydrogen electrode), and thus
has been spotlighted as an electrode material for a high-
energy density battery.

In such a lithium metal secondary battery, growth of
lithium dendrites occurs on the negative electrode surface.
Since such dendrites significantly affect the life character-
istics and safety of a battery, there have been many limita-
tions in developing batteries.

To inhibit growth of dendrites, various attempts have been
made. One of the approaches is applying a protective layer
directly to the negative electrode of a lithium metal second-
ary battery to inhibit growth of dendrites.

However, there is a problem in that ion transportability
between a positive electrode and a negative electrode may
be degraded due to the formation of such a protective layer.

DISCLOSURE
Technical Problem

The present disclosure is designed to solve the problems
of the related art, and therefore the present disclosure is
directed to providing a lithium metal secondary battery
having improved life characteristics by adding an additive,
wherein the additive comprises a mixture of electrically
non-conductive hexagonal boron nitride (BN) flakes and an
ionomer having a sulfur (S)-containing anionic group and
fluorine (F), to the protective layer of a negative electrode or
solid electrolyte.

Technical Solution

In one aspect of the present disclosure, there is provided
a lithium metal secondary battery including a positive elec-
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trode, a negative electrode, a separator interposed between
the positive electrode and the negative electrode, and a
protective layer interposed between the negative electrode
and the separator, wherein the protective layer includes an
additive, and wherein the additive comprises a mixture of
hexagonal boron nitride (BN) flakes and an ionomer having
a sulfur (S)-containing anionic group and fluorine (F).

Herein, the protective layer may be a porous polymer
layer, inorganic layer or a laminate comprising a porous
polymer layer and an inorganic layer.

Herein, the protective layer may comprise the porous
polymer layer, which may include any one selected from the
group consisting of polyvinyl chloride, polyvinylidene fluo-
ride-co-hexafluoropropylene, polyvinylidene fluoride-co-
trichloroethylene, polymethyl methacrylate, polyethylhexyl
acrylate, polybutyl acrylate, polyacrylonitrile, polyvinylpyr-
rolidone, polyvinylidene fluoride, polyvinyl acetate, poly-
ethylene-co-vinyl acetate, polyethylene oxide, polypropyl-
ene oxide, polyarylate, cellulose acetate, cellulose acetate
butyrate, cellulose acetate propionate, cyanoethylpullulan,
cyanoethyl polyvinyl alcohol, cyanoethyl cellulose, cyano-
ethyl sucrose, pullulan and carboxyl methyl cellulose, or a
mixture of two or more of them.

In addition, the inorganic layer may include any one
selected from the group consisting of SiO,, BaTiO;,
Pb(Zr, Ti, )O5(PZT, 0<x<l1), Pb, ,la Zr, Ti O,(PLZT,
0<x<1, O<y<1), (1-x)Pb(Mg, ,;Nb,,3)O0,_PbTiO;(PMNPT,
0<x<1), hafnia (HfO,), SrTiO;, SnO,, CeO,, MgO, NiO,
Ca0, ZnO, 7r0,, Y,0;, Al,O;, AIOOH, lithium lanthanum
zirconium oxide (LLZO), Si;N,, TiC, TiO, and SiC, or a
mixture of two or more of them.

In addition, the protective layer may have a thickness of
0.1 pm to 10 pm.

Meanwhile, the additive may be used in an amount of 50
wt % to 98 wt % based on the total weight of the protective
layer.

In addition, the additive may include the hexagonal boron
nitride flakes and the ionomer mixed at a weight ratio of 1:9
to 9:1.

In another aspect of the present disclosure, there is also
provided a lithium metal secondary battery including a
positive electrode, a negative electrode and a separator
interposed between the positive electrode and the negative
electrode, wherein the positive electrode and/or negative
electrode includes a solid electrolyte, wherein the solid
electrolyte includes an additive, wherein the additive com-
prises a mixture of hexagonal boron nitride (BN) flakes and
an ionomer having a sulfur (S)-containing anionic group and
fluorine (F).

Herein, the additive is added in the form of an additive
mixture combined with the solid electrolyte, wherein the
solid electrolyte may be any one selected from the group
consisting of a polymer solid electrolyte, polymer gel elec-
trolyte, sulfide-based solid electrolyte and an oxide-based
solid electrolyte, or a mixture of two or more of them.

Advantageous Effects

According to the present disclosure, an additive, which is
a mixture of electrically non-conductive hexagonal boron
nitride (BN) flakes and an ionomer having a sulfur (S)-
containing anionic group and fluorine (F), is added to the
protective layer of a negative electrode or solid electrolyte.
As a result, it is possible to maximize the improvement of
the mechanical strength and ion transportability, to ensure an
oxidation potential window and to maximize incombustibil-

1ty.
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Ultimately, it is possible to improve the life characteristics
and safety of a battery.

DESCRIPTION OF DRAWINGS

The accompanying drawings illustrate a preferred
embodiment of the present disclosure and together with the
foregoing disclosure, serve to provide further understanding
of the technical features of the present disclosure, and thus,
the present disclosure is not construed as being limited to the
drawing.

FIG. 1 is a schematic view illustrating the structure of
hexagonal boron nitride (BN) flakes.

FIG. 2 is a graph illustrating the evaluation results of life
characteristics of Examples and Comparative Examples.

BEST MODE

Hereinafter, preferred embodiments of the present disclo-
sure will be described in detail with reference to the accom-
panying drawings. Prior to the description, it should be
understood that the terms used in the specification and the
appended claims should not be construed as limited to
general and dictionary meanings, but interpreted based on
the meanings and concepts corresponding to technical
aspects of the present disclosure on the basis of the principle
that the inventor is allowed to define terms appropriately for
the best explanation.

Therefore, the description proposed herein is just a pret-
erable example for the purpose of illustrations only, not
intended to limit the scope of the disclosure, so it should be
understood that other equivalents and modifications could be
made thereto without departing from the scope of the
disclosure.

In one aspect of the present disclosure, there is provided
a lithium metal secondary battery including a positive elec-
trode, a negative electrode and a separator interposed
between the positive electrode and the negative electrode.
According to the present disclosure, the lithium metal sec-
ondary battery includes lithium metal as a negative electrode
active material.

According to the present disclosure, the lithium metal
secondary battery includes an additive, which is a mixture of
hexagonal boron nitride (BN) flakes; and an ionomer includ-
ing a sulfur (S)-containing anionic group and fluorine (F).

According to an embodiment of the present disclosure,
the secondary battery includes a protective layer interposed
between the negative electrode and the separator, wherein
the protective layer includes an additive, which is a mixture
of hexagonal boron nitride (BN) flakes; and an ionomer
including a sulfur (S)-containing anionic group and fluorine
(F). Hereinafter, the protective layer will be described in
detail.

FIG. 1 is a schematic view illustrating the structure of
hexagonal boron nitride (BN) flakes.

Referring to FIG. 1, hexagonal boron nitride (BN) flakes
have a complete 2D structure similar to the structure of
graphene, but are characterized in that they are electrically
non-conductive. Such hexagonal boron nitride flakes
improve the mechanical strength of the protective layer,
show high heat conductivity, and can maximize a lithium
(Li) ion transfer number by virtue of the properties of the
boron (B) atom as a Lewis acid. According to an embodi-
ment of the present disclosure, the hexagonal boron nitride
flakes may have a size of 500 nm to 1 um.

In addition, the ionomer contains fluorine (F) and has
incombustibility, while the sulfur (S)-containing anionic
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group contains cations, such as Li*, H*, Na™, K*, or the like,
and thus can maximize transportability of such cations.
Herein, the sulfur (S)-containing anionic group may be
S0,*7, SO,7, or a mixture.
Further, the ionomer may be represented by the following
Chemical Formula 1:

[Chemical Formula 1]

|
(ljfﬂ
F

F

I
—fro—

I

F

CF,

SO;3”

(wherein m:n may be 1:1 to 10:1).

In other words, since the protective layer includes the
additive according to the present disclosure, it is possible to
enhance the mechanical strength and ion transportability of
the protective layer, to ensure an oxidation potential win-
dow, to improve incombustibility, and ultimately improve
the life characteristics and safety of a battery.

According to the present disclosure, the protective layer
inhibits growth of dendrites that may occur on the surface of
a negative electrode and prevents chemical reactions
between an electrolyte and a negative electrode. In addition,
the protective layer may be a porous polymer layer, an
inorganic layer containing inorganic particles, or a laminate
of a porous polymer layer with an inorganic layer, and the
above-mentioned additive is added thereto.

Herein, the porous polymer layer has a porous structure to
facilitate introduction of an electrolyte to a negative elec-
trode active material layer. When an electrolyte is injected
after manufacturing an electrode assembly including elec-
trodes and separators stacked successively, the protective
layer in the form of a porous polymer layer can hold the
electrolyte sufficiently therein. When the electrolyte is held
sufficiently in the porous polymer layer, it is possible to
delay the phenomenon of the depletion of the electrolyte
during the operation of the lithium metal secondary battery,
and thus delay the phenomenon of degradation of the life of
the lithium metal secondary battery.

The porous polymer layer may include a polymer mate-
rial, and the polymer material may include any one selected
from the group consisting of polyvinyl chloride, polyvi-
nylidene fluoride-co-hexafluoropropylene, polyvinylidene
fluoride-co-trichloroethylene, polymethyl methacrylate,
polyethylhexyl acrylate, polybutyl acrylate, polyacryloni-
trile, polyvinylpyrrolidone, polyvinylidene fluoride, polyvi-
nyl acetate, polyethylene-co-vinyl acetate, polyethylene
oxide, polypropylene oxide, polyarylate, cellulose acetate,
cellulose acetate butyrate, cellulose acetate propionate, cya-
noethylpullulan, cyanoethyl polyvinyl alcohol, cyanoethyl
cellulose, cyanoethyl sucrose, pullulan and carboxyl methyl
cellulose, or a mixture of two or more of them.

In addition, the pores formed in the porous polymer layer
may have a size of 0.01 um to 10 pm, and the porous
polymer layer may have a porosity of 5% to 95%.

Further, the method for forming a porous structure in the
porous polymer layer is not particularly limited, and any
conventional method for preparing a porous polymer film or
sheet may be used with no particular limitation. For
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example, such a polymer sheet may be formed by a dry
process including forming a porous sheet through melting/
extrusion of a polymer resin, a wet process including form-
ing pores by adding/extracting a plasticizer, a phase sepa-
ration process, or a phase conversion process. In addition,
the inorganic layer includes inorganic particles having high
mechanical strength, in combination with or independently
from the above-mentioned polymer material, so that it may
function to inhibit growth of dendrites physically in the
negative electrode of a lithium metal secondary battery. The
inorganic layer may include any one selected from the group
consisting of SiO,, BaTiO;, Pb(Zr, Ti, ,)O5(PZT, 0<x<1),
Pb, yla Zr, [ Ti,0; (PLZT, 0<x<l, O0O<y<l), (1-x)
Pb(Mg, sNb,,,)O, PbTiO; (PMNPT, 0O<x<l), hafnia
(HfO,), SrTi0,, Sn0,, CeO,, MgO, NiO, Ca0O, ZnO, ZrO,,
Y,0;, Al,O,, AIOOH, lithium lanthanum ziroconium oxide
(LLZO), Si;N,, TiC, TiO, and SiC, or a mixture of two or
more of them. According to an embodiment of the present
disclosure, the porous property of the inorganic layer may be
derived from the interstitial volumes formed among the
inorganic particles, and such porous property may be real-
ized to a desired level by controlling the content and/or
diameter of the inorganic particles.

According to an embodiment of the present disclosure,
the thickness of the protective layer is not particularly
limited but it may be 0.1 pm to 10 um. According to an
embodiment of the present disclosure, the thickness of the
protective layer may have a lower limit of 0.1 um, 0.2 pm
or 1 um, and an upper limit of 10 pm, 8 pm or 5 um. Within
the range of 0.1 um to 10 um, the protective layer can hold
an electrolyte sufficiently, and thus it is possible to delay
depletion of electrolyte during the operation of a battery and
to improve the life characteristics of a lithium metal sec-
ondary battery. When the thickness of the protective layer is
smaller than the lower limit of 0.1 um, the protective layer
cannot function as a protective layer. When the thickness of
the protective layer is larger than the upper limit of 10 um,
electrode resistance is undesirably increased.

Meanwhile, the protective layer may be formed directly
on a negative electrode or separator by applying a solution
or slurry containing the polymer or inorganic material
thereto through a doctor blade process, solution casting
process, dip coating process, spray coating process, spin
coating process, or the like. However, the scope of the
present disclosure is not limited thereto.

According to the present disclosure, the additive is added
to the protective layer. Herein, the additive may be used in
an amount of 50 wt % to 98 wt %, preferably 80 wt % to 95
wt %, and more preferably 90 wt % to 93 wt %, based on the
total weight of the protective layer. When satistying the
range of 50 wt % to 98 wt %, it is possible to obtain an effect
of enhancing life by inhibiting lithium dendrite desirably.
When the content of additive is smaller than the lower limit
of 50 wt %, resistance may be increased undesirably without
any increase in life. When the content of additive is larger
than the upper limit of 98 wt %, the content of binder, such
as PVDF-co-HFP, contained in the protective layer is sig-
nificantly low and causes poor flexibility, and thus the
protective layer may be broken while it is coated.

In addition, the additive may include hexagonal boron
nitride flakes and the ionomer mixed at a weight ratio of 1:9
to 9:1. When they are mixed at a weight ratio within the
range of 1:9 to 9:1, it is possible to obtain not only an effect
of maximizing lithium ion transportability and incombusti-
bility derived from the ionomer, but also an effect of
improving ion transportability and mechanical property
derived from the boron nitride flakes.
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Meanwhile, the positive electrode according to the pres-
ent disclosure may be obtained by applying and drying an
electrode mixture, which is a mixture of a positive electrode
active material, a conductive material and a binder onto a
positive electrode current collector. If necessary, the mixture
may further include a filler.

The positive electrode current collector is formed to have
athickness of 3 um to 500 um. The positive electrode current
collector is not particularly limited, as long as it causes no
chemical change in the corresponding battery and has high
conductivity. Particular examples of the positive electrode
current collector may include stainless steel; aluminum:
nickel; titanium; baked carbon; aluminum or stainless steel
surface-treated with carbon, nickel, titanium or silver: or the
like. It is possible to increase the adhesion of a positive
electrode active material by forming fine surface irregulari-
ties on the surface of a current collector. The positive
electrode current collector may have various shapes, such as
a film, sheet, foil, net, porous body, foam and a non-woven
web body.

The conductive material is added generally in an amount
of 1 wt % to 50 wt % based on the total weight of the mixture
including the positive electrode active material. The con-
ductive material is not particularly limited, as long as it
causes no chemical change in the corresponding battery and
has conductivity. Particular examples of the conductive
material include: graphite, such as natural graphite or arti-
ficial graphite; carbon black, such as acetylene black, Ketjen
black, channel black, furnace black, lamp black or thermal
black; conductive fibers, such as carbon fibers or metallic
fibers; conductive tubes, such as carbon nanotubes; metal
powder, such as carbon fluoride, aluminum or nickel pow-
der; conductive whisker, such as zinc oxide or potassium
titanate; conductive metal oxide, such as titanium oxide: and
conductive materials, such as polyphenylene derivatives, or
the like.

The binder is a component that assists binding between
the electrode active material and the conductive material and
binding to the current collector. In general, the binder is
added in an amount of 1 wt % to 50 wt % based on the total
weight of the mixture including the positive electrode active
material. Particular examples of the binder include polyvi-
nylidene fluoride, polyvinyl alcohol, carboxymethyl cellu-
lose (CMC), starch, hydroxypropyl cellulose, regenerated
cellulose, polyvinyl pyrrolidone, tetrafluoroethylene, poly-
ethylene, polypropylene, ethylene-propylene-diene terpoly-
mer (EPDM), sulfonated EPDM, styrene butyrene rubber,
fluororubber, various copolymers, or the like.

The filler is a component that inhibits swelling of the
positive electrode and is used optionally. The filler is not
particularly limited, as long as it causes no chemical change
in the corresponding battery and is a fibrous material.
Particular examples of the filler include olefinic polymers,
such as polyethylene or polypropylene; and fibrous materi-
als, such as glass fibers or carbon fibers.

The positive electrode active material used herein is not
particularly limited, as long as it is used conventionally for
a lithium ion secondary battery as a positive electrode active
material. According to an embodiment of the present dis-
closure, the positive electrode active material may include
lithium metal oxides, such as lithium manganese oxides,
lithium manganese nickel cobalt oxides or lithium cobalt
oxides, lithium-free metal oxides or a mixture of two or
more of them. Lithium metal oxides currently used as a
positive electrode active material are capable of initial
discharge. However, it is possible to incorporate lithium-free
metal oxides, which are inexpensive and ensure safety,
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partially to a positive electrode, or it is possible to apply
100% of lithium-free metal oxides.

Herein, particular examples of such lithium-free metal
oxides include vanadium oxide, manganese oxide, nickel
oxide, cobalt oxide, niobium oxide, iron phosphate, or the
like.

Meanwhile, the negative electrode may include a current
collector, such as copper foil, alone or may include a
negative electrode active material formed on the surface of
the current collector. The negative electrode active material
layer may include at least one element that belongs to
alkaline metals, alkaline earth metals, Group 3B metals and
transition metals. According to an embodiment of the pres-
ent disclosure, non-limiting examples of alkaline metals
include at least one metal selected from the group consisting
of lithium (Li), sodium (Na), potassium (K), rubidium (Rb),
cesium (Cs) or francium (Fr), preferably lithium. In addi-
tion, a material, such as graphite, may be used as a negative
electrode active material. Most preferably, the negative
electrode may be obtained by attaching lithium metal to a
negative electrode current collector. The negative electrode
current collector is formed to have a thickness of 3 pm to 500
um. The negative electrode current collector is not particu-
larly limited, as long as it causes no chemical change in the
corresponding battery and has high conductivity. Particular
examples of the negative electrode current collector may
include copper; stainless steel: aluminum; nickel; titanium;
baked carbon, copper or stainless steel surface-treated with
carbon, nickel, titanium or silver; aluminum-cadmium alloy;
or the like. In addition, similar to the positive electrode
current collector, it is possible to reinforce the binding force
to lithium metal by forming fine surface irregularities on the
surface of a current collector. The negative electrode current
collector may have various shapes, such as a film, sheet, foil,
net, porous body, foam and a non-woven web body.

Meanwhile, the separator used in the lithium metal sec-
ondary battery according to the present disclosure is inter-
posed between the positive electrode and the negative elec-
trode, and is an electrically insulating thin film having high
ion permeability and mechanical strength.

The separator may include a porous polymer substrate.
The porous polymer substrate may be any porous polymer
substrate used conventionally for a lithium secondary bat-
tery, and particular examples thereof include a polyolefin-
based porous membrane or non-woven web, but are not
limited thereto.

Particular examples of the polyolefin-based porous poly-
mer membrane may include those formed of polymers
including polyethylene, such as high-density polyethylene,
linear low-density polyethylene, low-density polyethylene
and ultrahigh-molecular weight polyethylene, polypropyl-
ene, polybutylene and polypentene, or the like, alone or in
combination.

In addition to the polyolefin-based non-woven web, par-
ticular examples of the non-woven web may include those
formed of polymers including polyethylene terephthalate,
polybutylene terephthalate, polyester, polyacetal, poly-
amide, polycarbonate, polyimide, polyether ether ketone,
polyether sulfone, polyphenylene oxide, polyether sulfone,
polyphenylene oxide, polyphenylene sulfide, polyethylene
naphthalene, or the like, alone or in combination. The
non-woven web structure may be a spun-bonded non-woven
web including long fibers or a melt blown non-woven web.

The thickness of the porous polymer substrate is not
particularly limited but may be 1 um to 500 pm, 3 pm to 300
um, or 5 pm to 50 pum.
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In addition, the size of pores present in the porous
polymer substrate and the porosity are not particularly
limited. However, the pore size and porosity may be 0.001
pm to 50 um and 10% to 95%, respectively.

Meanwhile, according to an embodiment of the present
disclosure, the separator may further include inorganic par-
ticles for heat resistance and physical strength. The inor-
ganic particles are not particularly limited, as long as they
cause no oxidation and/or reduction in the operating voltage
range (e.g. 0-5V based on Li/Li*) of an applicable electro-
chemical device. Particular examples of the inorganic par-
ticles may include any one selected from the group consist-

ing of Si0,, BaTiO;, Pb(Zr, Ti, )O5(PZT, 0<x<l),
Pb, yLa Zr, Ti O,(PLZT, 0<x<l, O<y<l), (1-x)
Pb(Mg, ,sNb,3)O;_PbTiO;(PMNPT,  0<x<l), hafhia

(HfO,), SrTiO;, Sn0,, CeO,, MgO, NiO, CaO, ZnO, ZrO,,
Y,0;, Al,0,, AIOOH, lithium lanthanum ziroconium oxide
(LLZO), SizN,, TiC, TiO, and SiC, or a mixture of two or
more of them.

Further, the electrolyte salt contained in the non-aqueous
electrolyte that may be used in the present disclosure is a
lithium salt. Any lithium salt used conventionally for an
electrolyte for a lithium secondary battery may be used with
no particular limitation. For example, the anion of the
lithium salt may be any one selected from the group con-
sisting of F~, CI7, Br~, I", NO,;~, N(CN),~, BF,~, ClO,~,
IJ'F6_5 (CF3)2PF4_5 (CF3)3PF3_5 (CF3)4PF2_5 (CF3)5PF_5

(CFy)P~,  CF,80,~, CF,CF,S0,~, (CF,80,),N",
(FSO,),N-, CF,CF,(CF,),CO", (CF,S0,),CH~, (SF4),C",
(CF,80,),C", ~ CF,(CE,),80,~, CF,CO,", CH,CO,",

SCNT, and (CF;CF,S0,),N".

Particular examples of the organic solvent that may be
contained in the non-aqueous electrolyte may include those
used conventionally for an electrolyte for a lithium second-
ary battery with no particular limitation. For example, it is
possible to use cthers, esters, amides, linear carbonates or
cyclic carbonates, alone or in combination.

Typical examples of the organic solvent may include
carbonate compounds, such as cyclic carbonates, linear
carbonates or mixtures thereof.

Particularly, ethylene carbonate and propylene carbonate,
which are cyclic carbonates among the carbonate organic
solvents, have a high dielectric constant and dissociate the
lithium salt in an electrolyte well. In addition, it is possible
to prepare an electrolyte having high electrical conductivity,
when using such cyclic carbonates in combination with
low-viscosity low-dielectric constant linear carbonates, such
as dimethyl carbonate and diethyl carbonate, at an adequate
ratio.

Further, among the organic solvents, particular examples
of the ethers may include any one selected from the group
consisting of dimethyl ether, diethyl ether, dipropyl ether,
methyl ethyl ether, methyl propyl ether, ethyl propyl ether,
or a mixture of two or more of them, but are not limited
thereto.

Among the organic solvents, particular examples of the
esters include any one selected from the group consisting of
methyl acetate, ethyl acetate, propyl acetate, methyl propi-
onate, ethyl propionate, y-butyrolactone, y-valerolactone,
y-caprolactone, o-valerolactone, e-caprolactone, or a mix-
ture of two or more of them, but are not limited thereto.

Injection of the non-aqueous electrolyte may be carried
out in an adequate step during the process for manufacturing
a lithium secondary battery depending on the manufacturing
process of a final product and properties required for a final
product. In other words, injection of the non-aqueous elec-
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trolyte may be carried out before the assemblage of a lithium
secondary battery or in the final step of the assemblage of a
lithium secondary battery.

The lithium secondary battery according to the present
disclosure may be subjected to a lamination or stacking step
of a separator with electrodes and a folding step, in addition
to the conventional winding step. In addition, the battery
casing may be a metallic can, a pouch-type battery casing of
a laminate sheet including a resin layer and a metal layer,
particularly a pouch-type battery casing.

In another aspect of the present disclosure, there is
provided a lithium metal secondary battery including a
positive electrode, a negative electrode and a separator
interposed between the positive electrode and the negative
electrode, wherein the positive electrode and/or the negative
electrode further includes a solid electrolyte, wherein the
solid electrolyte includes an additive, wherein the additive
comprises a mixture of hexagonal boron nitride (BN) flakes
and an ionomer having a sulfur (S)-containing anionic group
and fluorine (F). In other words, according to an embodi-
ment of the present disclosure, the positive electrode and/or
the negative electrode may further include a solid electro-
lyte, and the additive may be added to the positive electrode
and/or the negative electrode in the form of an additive
mixture combined with the solid electrolyte. In addition, the
lithium metal secondary battery may further include the
protective layer.

Herein, the additive may be added in an amount of 50 wt
% to 98 wt %, preferably 80 wt % to 95 wt %, and more
preferably 90 wt % to 93 wt %, based on 100 wt % of the
additive mixture. When satisfying the range of 50 wt % to
98 wt %, it is possible to obtain an effect of enhancing life
by virtue of inhibition of lithium dendrites. When the
amount is smaller than the lower limit of 50 wt %, a side
effect including an increase in resistance may occur with no
effect of enhancing life. When the amount is larger than the
upper limit of 98 wt %, the content of solid electrolyte that
may be contained in the additive mixture is excessively low
to cause degradation of flexibility undesirably.

When the additive is added to the solid electrolyte, it is
possible to improve the mechanical strength and ion trans-
portability of the solid electrolyte, to ensure an oxidation
potential window, and to improve incombustibility, and
ultimately to improve the life characteristics and safety of a
battery.

Herein, when the solid electrolyte is applied to a positive
electrode, it is preferred to use a solid electrolyte having
excellent oxidation stability. When the solid electrolyte is
applied to a negative electrode, it is preferred to use a solid
electrolyte having excellent reduction stability. Since the
solid electrolyte mainly functions to transport lithium ions in
the electrodes according to the present disclosure, any solid
electrolyte having high ion conductivity, such as 107 s/m or
more, preferably 10™* s/m or more, may be used with no
particular limitation.

Herein, the solid electrolyte may be a polymer solid
electrolyte formed by adding a polymer resin to a solvated
electrolyte salt, an organic electrolyte containing an organic
solvent and an electrolyte salt, or a polymer gel electrolyte
formed by incorporating an ionic liquid, monomer or oli-
gomer to a polymer resin. In addition, the solid electrolyte
may be a sulfide-based solid electrolyte having high ion
conductivity or an oxide-based solid electrolyte having high
stability.

For example, the polymer solid electrolyte may include a
polyether polymer, polycarbonate polymer, acrylate poly-
mer, polysiloxane polymer, phosphazene polymer, polyeth-
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ylene derivatives, alkylene oxide derivatives, phosphate
ester polymer, polyagitation lysine, polyester sulfide, poly-
vinyl alcohol, polyvinylidene fluoride, polymer containing
an ionically dissociable group, or the like. In addition, the
solid polymer electrolyte may include a polymer resin, such
as a branched copolymer including polyethylene oxide
(PEO) backbone copolymerized with a comonomer includ-
ing an amorphous polymer, such as PMMA, polycarbonate,
polydioxane (pdms) and/or phosphazene, comb-like poly-
mer, crosslinked polymer resin, or the like, and may be a
mixture of such polymers.

In addition, the polymer gel electrolyte includes an elec-
trolyte salt-containing organic electrolyte and a polymer
resin, wherein the organic electrolyte is used in an amount
of 60 parts by weight to 400 parts by weight based on the
weight of the polymer resin. There is no particular limitation
in the polymer used for the gel electrolyte, and particular
examples of the polymer include polyether polymers, PVC
polymers. PMMA polymers, polyacrylonitrile (PAN), poly-
vinylidene fluoride (PVdF), poly(vinylidene fluoride-co-
hexafluoropropylene: PVAF-HFP), or the like. In addition, a
mixture of such polymers may be used.

In addition, the electrolyte salt is an ionizable lithium salt
and may be represented by Li*X". Preferably, the lithium
salt may be any one selected from the group consisting of
LATFSI, LiCl, LiBr, Lil, LiClO,, LiBF,, LiB,,Cl,,, LiPF,,
LiAsFg, LiSbF,, LiAICL,, LISCN, LiCF;CO,, LiCH;S0;,
LiCF;80;, LiN(SO,CF;),, LiN(SO,C,Fs),, LiC,FSO;,
LiC(CF;80,);, (CF;80,).2NLi, lithium chloroborate,
lithium lower aliphatic carboxylate, lithium imide 4-phenyl-
borate and combinations thereof.

Meanwhile, in still another aspect of the present disclo-
sure, there is provided a battery module including the
lithium metal secondary battery as a unit cell, a battery pack
including the battery module, and a device including the
battery pack as a power source.

Herein, particular examples of the device may include,
but are not limited to: power tools driven by an electric
motor: electric cars, including electric vehicles, hybrid elec-
tric vehicles, plug-in hybrid electric vehicles, or the like:
electric carts, including electric bikes and electric scooters;
electric golf carts; electric power storage systems; or the
like.

Examples will be described more fully hereinafter so that
the present disclosure can be understood with ease. The
following examples may, however, be embodied in many
different forms and should not be construed as limited to the
exemplary embodiments set forth therein. Rather, these
exemplary embodiments are provided so that the present
disclosure will be thorough and complete, and will fully
convey the scope of the present disclosure to those skilled in
the art.

1. Example 1—Manufacture of Negative Electrode

First, lithium metal foil having a thickness of 20 um was
attached to one surface of a copper current collector. Next,
hexagonal boron nitride flakes and an ionomer represented
by Chemical Formula 1 (wherein m is 4 and n is 1) were
mixed at a weight ratio of 9:1 to prepare an additive. Then,
the additive was added to polyvinylidene fluoride-co-
hexafluoropropylene (PVdF-co-HFP) polymer to obtain a
protective layer. Herein, the additive was used in an amount
controlled to 92 wt % based on the total weight of the
protective layer.
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The resultant protective layer was formed on lithium
metal foil to obtain a negative electrode.

2. Example 2—Manufacture of Lithium Metal
Secondary Battery

(1) Manufacture of Positive Electrode

First, 94 parts by weight of LiNi, ;Mn, ,Co, 0, as a
positive electrode active material, 2 parts by weight of
carbon black as a conductive material and 4 parts by weight
of polyvinylidene fluoride (PVdF) as a binder were added to
N-methyl-2-pyrrolidone (NMP) as a solvent to prepare
positive electrode active material slurry. Next, the positive
electrode active material slurry was coated on one surface of
an aluminum current collector to a thickness of 79 pm,
followed by drying and pressing. Then, the resultant product
was punched to a predetermined size to obtain a positive
electrode.

(2) Manufacture of Lithium Secondary Battery

A separator (polypropylene-based porous polymer sub-
strate) was interposed between the positive electrode and the
negative electrode according to Example 1 to obtain a coin
cell. An electrolyte including 1M LiPF, dissolved in a
solvent containing fluoroethylene carbonate (FEC) and eth-
ylmethyl carbonate (EMC) mixed at a volume ratio of 30:70
was injected to the coin cell to obtain a lithium metal
secondary battery.

3. Comparative Example 1—Manufacture of
Negative Electrode

A negative electrode was obtained in the same manner as
Example 1, except that no additive was added and the
protective layer was formed by using polyvinylidene fluo-
ride-hexafluoropropylene (PVdF-co-HFP) alone, when
forming the protective layer of a negative electrode.

4. Comparative Example 2—Manufacture of
Lithium Metal Secondary Battery

A lithium metal secondary battery was obtained in the
same manner as Example 2, except that the negative elec-
trode according to Comparative Example 1 was used.

5. Comparative Example 3—Manufacture of
Lithium Metal Secondary Battery

A negative electrode was obtained in the same manner as
Example 1, except that no protective layer was used when
preparing the negative electrode. Then, the negative elec-
trode was used to obtain a lithium metal secondary battery
in the same manner as Example 2.

6. Comparative Example 4—Manufacture of
Lithium Metal Secondary Battery

A negative electrode was obtained in the same manner as
Example 1, except that no hexagonal boron nitride flakes
were used and the ionomer was added alone when preparing
the protective layer of a negative electrode. Then, the
negative electrode was used to obtain a lithium metal
secondary battery in the same manner as Example 2.

7. Evaluation of Ion Conductivity of Protective
Layer

The protective layer according to Example 1 and the
protective layer according to Comparative Example 1 were
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evaluated for ion conductivity through impedance analysis.
The results are shown in the following Table 1.

TABLE 1

Example 1 Comparative Example 1

Ton conductivity 17.0 x 107 S/em 1.9 x 107 S/em

It can be seen from the above results that the protective
layer according to Example 1 shows an ion conductivity
approximately 10 times higher than the ion conductivity of
the protective layer according to Comparative Example 1.

8. Evaluation of Life Characteristics of Lithium
Metal Secondary Battery

Each of the lithium metal secondary batteries according to
Example 2 and Comparative Examples 2-4 was evaluated
for life characteristics. The results are shown in Table 2 and
FIG. 2 (Example 2 and Comparative Examples 2 and 3).

TABLE 2
Cycle number (Based on Retention 80%)
Example 2 92
Comparative Example 2 75
Comparative Example 3 36
Comparative Example 4 78

After determining the cycle number where the capacity
retention of a battery is 80%, Example 2 shows a retention
of 80% after 92 cycles. However, Comparative Example 2
using a protective layer including no additive according to
the present disclosure and Comparative Example 3 using no
protective layer itself show a retention of 80% after 75
cycles and 36 cycles, respectively. It can be seen from the
results that Example 2 shows significantly improved cycle
characteristics as compared to Comparative Examples.

It should be understood that the detailed description is
given by way of illustration only and various changes and
modifications may be made without departing from the
scope of the invention as defined in the following claims.
Therefore, the embodiments disclosed herein are not
intended to limit the scope of the present disclosure but are
for illustrative purposes only, and the scope of the present
disclosure is not limited thereto. It should be also understood
that the scope of the present disclosure is defined by the
following claims and all equivalents thereof are also
included in the scope of the present disclosure.

The invention claimed is:

1. A lithium metal secondary battery comprising:

a positive electrode;

a negative electrode;

a separator interposed between the positive electrode and
the negative electrode; and

a protective layer interposed between the negative elec-
trode and the separator,

wherein the protective layer comprises an additive, and
wherein the additive comprises a mixture of hexagonal
boron nitride (BN) flakes and an ionomer comprising a
sulfur (S)-containing anionic group and fluorine (F),
and

wherein the sulfur (S)-containing anionic group is SO,
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2. The lithium metal secondary battery according to claim
1, wherein the protective layer is a porous polymer layer, an
inorganic layer, or a laminate comprising a porous polymer
layer and an inorganic layer.

3. The lithium metal secondary battery according to claim
2, wherein the protective layer is the porous polymer layer,
which comprises at least one selected from the group
consisting of polyvinyl chloride, polyvinylidene fluoride-
co-hexafluoropropylene, polyvinylidene fluoride-co-trichlo-
roethylene, polymethyl methacrylate, polyethylhexyl acry-
late, polybutyl acrylate, polyacrylonitrile,
polyvinylpyrrolidone, polyvinylidene fluoride, polyvinyl
acetate, polyethylene-co-vinyl acetate, polyethylene oxide,
polypropylene oxide, polyarylate, cellulose acetate, cellu-
lose acetate butyrate, cellulose acetate propionate, cyano-
ethylpullulan, cyanoethyl polyvinyl alcohol, cyanoethyl cel-
Iulose, cyanoethyl sucrose, pullulan and carboxyl methyl
cellulose.

4. The lithium metal secondary battery according to claim
2, wherein the protective layer is the inorganic layer, which
comprises at least one selected from the group consisting of
SiO,, BaTiO,;, Pb(Zr,Ti, )O,(PZT, 0<x<1), Pb,
LaZr, 110, (PLZT, 0<x<l, O<y<l), (1-x)Pb(Mg,;
Nb,,3)0;_PbTiO; (PMNPT, 0<x<1), hafnia (HfO,), SrTiO;,
Sn0,, CeO,, MgO, NiO, CaO, ZnO, ZrO,, Y,0;, AL,O;,
AIOOH, lithium lanthanum zirconium oxide (LLZO),
Si;N,, TiC, TiO, and SiC.

5. The lithium metal secondary battery according to claim
1, wherein the protective layer has a thickness range of from
0.1 pm to 10 pum.

6. The lithium metal secondary battery according to claim
1, wherein the additive is used in an amount of 50 wt % to
98 wt % based on a total weight of the protective layer.
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7. The lithium metal secondary battery according to claim
1, wherein the additive comprises the hexagonal boron
nitride flakes and the ionomer mixed at a weight ratio of 1:9
to 9:1.

8. The lithium metal secondary battery according to claim
1, wherein the additive is used in an amount of 90 wt % to
93 wt % based on a total weight of the protective layer.

9. The lithium metal secondary battery according to claim
1, wherein the hexagonal boron nitride flakes have a size
ranging from 500 nm to 1 pm.

10. A lithium metal secondary battery comprising:

a positive electrode;

a negative electrode;

a separator interposed between the positive electrode and

the negative electrode,

wherein the positive electrode and/or negative electrode

comprises a solid electrolyte, and

wherein the solid electrolyte comprises an additive,

wherein the additive comprises a mixture of hexagonal
boron nitride (BN) flakes with an ionomer comprising
a sulfur (S)-containing anionic group and fluorine (F),
and

wherein the sulfur (S)-containing anionic group is SO,*".

11. The lithium metal secondary battery according to
claim 10, wherein the additive is added in the form of an
additive mixture combined with the solid electrolyte.

12. The lithium metal secondary battery according to
claim 11, wherein the solid electrolyte comprises at least one
selected from the group consisting of a polymer solid
electrolyte, polymer gel electrolyte, sulfide-based solid elec-
trolyte and an oxide-based solid electrolyte.

#* #* #* #* #*



